The iridium complex of pentamethylcyclopentadiene and (S,S)-1,2-diphenyl-N ′ -tosylethane-1,2-diamine is an effective catalyst for the asymmetric transfer hydrogenation of imine substrates under acidic conditions. Using the Ir catalyst and a 5:2 ratio of formic acid: triethylamine as the hydride source for the asymmetric transfer hydrogenation of 1-methyl-3,4-dihydroisoquinoline and its 6,7-dimethoxy substituted derivative, in either acetonitrile or dichloromethane, shows unusual enantiomeric excess (ee) profiles for the product amines. The reactions initially give predominantly the (R) enantiomer of the chiral amine products with >90% ee but which then decreases significantly during the reaction. The decrease in ee is not due to racemisation of the product amine, but because the rate of formation of the (R)-enantiomer follows first-order kinetics whereas that for the (S)-enantiomer is zero-order. This difference in reaction order explains the change in selectivity as the reaction proceeds -the rate formation of the (R)-enantiomer decreases exponentially with time while that for the (S)-enantiomer remains constant. A reaction scheme is proposed which requires rate-limiting hydride transfer from the iridium hydride to the iminium ion for the first-order rate of formation of the (R)-enantiomer amine and rate-limiting dissociation of the product for the zero-order rate of formation of the (S)-enantiomer.
Introduction
Chiral amines make up a significant fraction of the current portfolio of pharmaceuticals and agrochemicals 1 . Therefore there has been an extensive search for an enantioselective synthesis of these important constituents suitable for their large-scale manufacture. Due to economic and environmental pressures these processes need to be achieved with the minimum number of chemical steps, be energy and atom efficient, not produce toxic waste and, ideally, involve catalytic methods. Catalytic transfer hydrogenation (TH) is an attractive alternative to the direct reduction of substrates, avoiding the need for molecular hydrogen. 2, 3, 4 The first homogeneous catalytic systems appeared in the late 1960s and were based on iridium compounds 5, 6 which were followed by the introduction of the versatile pentamethylcyclopentadienyl anion iridium and rhodium (Cp*Ir and Cp*Rh) catalyst precursors for these transformations 7, 8, 9, 10 and their variants. 11, 12, 13 Although the highly selective asymmetric reduction of alkenes and ketones has been accomplished using chiral rhodium and ruthenium catalysts, 14 the hydrogenation of imines using similar catalysts has proved much less successful. 15 Furthermore, most enantioselectivities obtained are moderate and require a high catalyst loading. Asymmetric transfer hydrogenation (ATH) commonly uses propan-2-ol or formic acid as the hydrogen donor, in conjunction with a chiral organometallic catalyst such as Noyori's ruthenium based complex 16 (1) and the iso-electronic rhodium (2) and iridium (3) CATHy catalysts 17 .
There are two mechanisms 18 commonly suggested for these metalcatalyzed transfer hydrogenation reactions: either a metal hydride is involved in the hydrogen transfer step (4) and (5) or the metal facilitates hydride transfer between the hydride donor and the substrate as in a Meerwein-Ponndorf-Verley type reduction (6) . The most favoured pathways are those involving the metal-hydride which may occur by inner-sphere (4), 18 where the substrate is coordinated to the metal prior to hydride transfer, or outer-sphere (5) processes, 19, 20, 21 both of which assume full retention of all ancillary ligands. The inner sphere mechanism generates an alkoxide anion bound to the metal which requires protonation to release the product alcohol and hydride transfer to the metal to regenerate the catalyst.
The commonly accepted mechanism for the Cp*Ir-catalyzed asymmetric transfer hydrogenation of ketones is that involving a concerted process with the transfer of a metal hydride and a ligand proton occurring through a six-membered cyclic transition state i.e.
outside the direct coordination sphere of the metal (5). 22, 23 In the outer-sphere mechanism the metal-bound ligand, shown as NH in (5) , is important in contributing to both proton and hydride transfer through its acidity. Relatively, if it is a better proton donor it will activate the carbonyl carbon towards nucleophilic attack but as a weaker Lewis base it will increase the positive charge density on the metal retarding hydride transfer. In some processes the proton transfer step to the carbonyl oxygen is facilitated by an external acid. 18 The picture presented in the inner sphere mechanism (4) formally requires an expansion of the coordinatively and electronically saturated metal and it has been suggested that prior ligand dissociation must occur 24 although some pathways are thought to involve the cooperative participation of two metal centres. 25 A recent study of a Cp*Ir complex provided evidence for displacement of the Cp* ligand which may be relevant to hydrogen transfer catalysis by providing the assumed required vacant coordination site. 26 The transfer hydrogenation of imines to amines and the corresponding reverse reaction are expected to show significant differences to the ketone/alcohol reaction because of the differences in basicity, susceptibility to nucleophilic attack and their ability to bind to metal ions. There have been fewer investigations into the imine/amine reaction using organometallic catalysts, although kinetic and isotope labelling studies using a cyclopentadienone ruthenium catalyst 27, 28 have attempted to differentiate an inner sphere mechanism, involving direct coordination of the substrate to the metal, and an outer sphere process in which the amine/imine nitrogen does not bind directly to the ruthenium. Distinguishing between stepwise and concerted hydride and proton transfer steps is also controversial 29 . It has been suggested 30 that the asymmetric transfer hydrogenation of imines with formic acid-triethylamine mixtures using Rh-chiral diamine catalysts involves the neutral imine as the reactive species, whereas prior imine protonation has been proposed because the isolated ruthenium hydride reacts faster with an imine substrate than a corresponding ketone due to the greater basicity of the imine. 31, 32, 33 Based on studies of the nucleophilic addition to imines in aqueous solution, it may be expected that the iminium would be the reactive species, 34 however recent iridium transfer hydrogenation catalysts have been developed by Crabtree 35 which are highly active under neutral and basic conditions. Finally, the concerted metal-ligand bifunctional mechanism 22, 23 is presumably required when the neutral imine is the reactive species to prevent formation of the unstable nitrogen anion (7), but if the iminium species is involved then the necessity for protonation from a bound ligand is less likely and with no available nitrogen lone-pair proton transfer would have to occur through the π-
The origin of enantioselection is also unclear with respect to the transfer hydrogenation of imines using Noyori / CATHy catalysts.
Computational calculations 36 indicate that the control of stereochemistry in the transfer hydrogenation of aromatic ketones is due to a favourable π/CH interaction between a hydrogen atom on the η 6 -arene ligand and the aromatic ring of the substrate (9).
However, the transfer hydrogenation of aromatic imines leads to chiral amines with the opposite stereochemistry from that expected applying a similar rational. Based on the effect of N-alkylation of the diamine ligand in the Ru complex (1) an ionic outer sphere mechanism for the asymmetric transfer hydrogenation of imines was proposed involving hydride transfer to the iminium ion whilst maintaining the π/CH interaction 37 (9) .
A detailed understanding of the mechanism of imine transfer hydrogenation would facilitate the design of more active and selective catalysts as well as optimisation of the process conditions minimising catalyst loading and deactivation. Herein we investigate the mechanism of the asymmetric transfer hydrogenation of imines using iridium CATHy catalysts (3).
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Results and Discussion
The iridium based CATHy catalyst (3) is an effective catalyst for the transfer hydrogenation of imine substrates under acidic conditions. 8, 17 It is usually formed in-situ through the reaction of the pentamethylcyclopentadienyl metal dimer (IrCp*Cl 2 ) 2 (10, X = Cl) and the ligand (S,
. The synthesis of chiral 1,2,3,4-tetrahydroisoquinoline (13) derivatives is of interest because they often exhibit bioactivity with a potential use as drugs. 38 Using the Ir catalyst (3) for the asymmetric transfer hydrogenation of 1-methyl-3,4-dihydroisoquinoline (11) and its 6,7-dimethoxy substituted derivative (12), in either acetonitrile or dichloromethane, there are unusual enantiomeric excess (ee) profiles for the product amines (13) and (14) it is not surprising that under the experimental conditions used both bases are fully protonated. Furthermore, the solvent system is not just acetonitrile; it is a mixture of acetonitrile, ca. 10% formic acid and ca. 10% triethylamine so the solvent polarity is much higher than pure acetonitrile and the pK a of formic acid will be lower than the value in pure acetonitrile. The reduction consumes one equivalent of formic acid but there is still an excess of formic acid at the end of the reaction.
The reactions initially give predominantly the R enantiomer of the chiral amines (13) and (14) the catalyst (3) and 5:2 formic acid / triethylamine there is no racemisation after 12 hours. This lack of racemisation is not surprising as formate is a better hydride donor than the amine and the acidic nature of the medium means the amine is in its protonated form and unlikely to readily bind to the iridium catalyst. In dichloromethane the ee decreases to below zero, suggesting increased selectivity for the other enantiomer of the product amines (13) and (14) as the reaction progresses, rather than racemisation causing the decrease in ee. Finally, the large excess of formic acid and absence of a hydrogen acceptor indicates that the resting state of the catalyst is likely to be the 18-electron iridium hydride, (3), rather than the 16-electron species, (15), required for dehydrogenation.
The enantiomeric excess decreases at similar rates for various ratios of catalyst (3) to imine from 0.1 to 1.0 mol%. Analysis of the overall reaction profiles revealed that they do not obey first-order kinetics and appear to lie somewhere between zero and first-order. This is a consequence of the rate of formation of the (R)-enantiomer following first-order kinetics whereas that for the (S)-enantiomer is zero-order (Fig 3) . This difference in reaction order explains the change in selectivity as the reaction proceeds -the rate formation of the (R)-enantiomer decreases exponentially with time while that for the (S)-enantiomer remains constant. As the reaction progresses the reaction becomes increasingly selective for the (S)-enantiomer which constitutes an ever increasing fraction of the total rate of the conversion of imines (11) or (12) to chiral amines (13) or (14), respectively, to the point where the rate of formation of the (S)- (14) exceeds that of the (R)-enantiomer after 30 mins (Fig.3) .
Using the (R,R)-, rather than the (S,S)-, ligand TsDPEN to generate the iridium catalyst (3) inverts the kinetic profiles so that the reduction of the imine (11) in dichloromethane produces the (R)- (13) by zero-order kinetics and the (S)-enantiomer by a first-order process. The zero-order rate of formation of the (S)-enantiomer changes proportionally with catalyst concentration (Fig.4) The catalytic rate constants for the transfer hydrogenation of imines (11) or (12) to chiral amines (13) or (14) , respectively, catalysed by the iridium complex 3 in acetonitrile and dichloromethane are given in Table 1 . The dimethoxy imine (12) is at least 10-fold more basic than the unsubstituted imine (11) 32 and yet there is less than a twofold difference in reactivity for the formation of both enantiomers ( Table 1) . (14) at the start of the reaction just prior to the addition of TEAF reduced the overall rate of reduction, the zero-order rate of formation of the (S)-enantiomer, and the exponential rate of formation of (R)- (14) by less than half. This small effect of added amine product could be just a general base effect rather than specific interaction with the iridium, zero-order rate of formation of (S)- (14) with excess ligand is nearly halved compared with 0.25 mol% (S,S)-TsDPEN, whereas the firstorder rate constant for the formation of (R)-12 is slightly greater than with a catalytic amount of ligand. There are two steps during catalytic reduction and turnover which require hydride transferreduction of the iridium species (15) by formate to regenerate the catalyst (3) and hydride transfer from the catalyst (3) to the iminium ion. The first-order rate of formation of the (R)-enantiomer shows a small but significant deuterium kinetic isotope effect (KIE) (k H /k D =1.55) using deuterated formic acid (DCO 2 H), whereas the zeroorder rate of formation of the (S)-enantiomer shows no KIE (k H /k D =1.00). 
Conclusions
The iridium complex of pentamethylcyclopentadiene and (S,S)- mol. eq. formic acid.
